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Fusarium crown and root rot of tomato, caused by Fusarium oxysporum Schlechtend.:Fr. f. sp. radicis-lycopersici W.R. Jarvis & Shoemaker, is a severe disease worldwide. It is characterized by wilt at fruit ripening, cortical rot at the soil level, vascular discoloration of the lower stem, and conspicuous pinkish masses of conidia along the stem (17) . In Israel, the disease is common in both greenhouses and open fields and is particularly prevalent in the Arava region in the south.
Polycyclic diseases involve pathogens that complete more than one disease cycle within a growing season; diseased plants serve as the inoculum source and support secondary infections. Logistic models are usually used to describe disease progress curves of polycyclic diseases (4, 9, 34) . Monocyclic diseases involve pathogens that complete only one disease cycle within a growing season. The inoculum that survives from the previous season serves as a primary inoculum for the next. Monomolecular models are usually used to describe disease progression curves of monocyclic diseases (4, 9) . The notion that epidemics induced by airborne pathogens are polycyclic and those induced by soilborne pathogens are monocyclic is widely accepted, although exceptions have been noted (5, 25) . For example, zoosporic pathogens such as Phytophthora capsici (1, 22, 27) and Pythium spp. (1, 3, 27, 31) and nonzoosporic fungi such as Rhizoctonia solani (8) , Sclerotium cepivorum (29) , S. rolfsii (30) , and Sclerotinia sclerotiorum (14) may complete more than one disease cycle within a growing season, thereby infecting new plants within the same season. Early studies on Fusarium crown and root rot of tomato suggested that, at early stages of the epidemic, diseased plants are distributed randomly within the greenhouse and that dissemination tends to occur along rows via plant-to-plant spread (17) , which may indicate that the pathogen is polycyclic. Combined statistical and biological tools are now available to examine such observations. Knowledge regarding the capacity of a soilborne pathogen to spread under natural conditions from diseased to neighboring plants during the growing season is essential for the development of effective disease management programs.
Statistical methods that quantitatively define the spatial distribution of a disease may assist in determining the biological mechanisms associated with the spatial patterns (6, 7, 22) . Geostatistics can be used to quantify the degree and range of the spatial dependence of variables (7, 16, 18) and has been used in plant pathology to quantitatively characterize changes in the spatial patterns of disease over time (6, 22, 32) . Spatial variability is measured by determining the average of the squared difference in values between pairs of samples separated by a given distance. A curve representing changes in the values of the semivariance over a distance is called a semivariogram, a measure of spatial dependency and variability. If the semivariance depends only on the distance vector (h) and not on its direction, then the semivariogram is considered isotropic (16, 18) . The anisotropic model is more appropriate in cases in which directional effects are likely to be dominant. The shape of the semivariogram may take on several different forms. For example, when records are spatially dependent, the semivariogram exhibits a saturation curve; the value of the semivariance increases with increasing distance between sample locations until it approaches a constant value (sill) at a given separation distance of spatial dependence (the range, a). Samples separated by a distance less than the range are spatially related, but those that are located at a larger distance from each other are spatially independent (6, 7, 16, 18) . Alternatively, when records are spatially independent, values of the semivariance do not change with distance and the semivariogram approximates a straight line. It is possible to analyze disease in-cidence data (describing either diseased or healthy individual plants) (32) , or disease severity values (reflecting the magnitude of the infection) (22) .
Chlorate-resistant nitrate nonutilizing (nit) mutants of pathogenic forms of F. oxysporum can be used as markers in ecological studies, with the appropriate selection media (13, 33) . It was demonstrated (13) that such nit mutants are not inferior to the wild type in traits such as pathogenicity, growth, and survival in soil. These nit mutants can easily be reisolated from infected plants and infested soil and distinguished from the wild-type strain; therefore, such "tagged" inocula can be used as a tool for epidemiological studies.
In this project, we studied the progress of crown and root rot disease of tomato in time and space under field conditions and explored the possibility of a diseased plant becoming a source of infection for other plants during the same growing season. Geostatistical analysis was used to quantify the spatial spread of disease over time in naturally infested soils. Selected nit mutants were used as a tagged pathogen in some of the experiments. A preliminary report on this study has been published (26) . yeast extract, and 20 g of glucose. Both media were used to grow the pathogen.
MATERIALS AND METHODS

Media
The Fusarium minimal medium (FMM) was Puhalla's MM (20 north to south. The plots were prepared, cultivated, and treated with pesticides according to the recommendations of the Extension Service for that region. Irrigation was applied via a drip system. Two (in 1996) and four (in 1997) plots were fumigated prior to planting with methyl bromide at a rate of 70 g/m 2 according to the local practice of tomato cultivation in this area. Fumigated plots were used for studies with the nit mutant, as described below. The nonfumigated plots were used for monitoring the temporal progress and the spatial distribution of the disease. Disease incidence was assessed at 14-day intervals, eight times in 1996 and nine times in 1997. Assessments were initiated shortly after disease onset and continued until 170 days after planting. Plants were considered diseased when they exhibited typical irreversible wilt symptoms accompanied with brown necrosis on the crown and vascular discoloration in the lower stem. Plants that were considered diseased were tagged with a colored plastic band at each assessment and their exact location in the plot was recorded. The identity of the pathogen was verified by isolation from randomly chosen diseased plants on a selective peptone pentachloronitrobenzene medium and inoculating tomato seedlings as described previously (20) .
Geostatistical analysis. We used geostatistics to quantify the temporal development and spatial distribution of crown and root rot epidemics. Using disease incidence records as the tested variable, a value of 0 denoted a healthy plant and a value of 1 a diseased plant. Analyses were performed separately for each experimental plot and for each of the disease assessments. Examination of plant rooting systems revealed that the roots did not cross the intermediate dry area between the drip-irrigated rows and were concentrated only along the rows. Consequently, within-row distribution of the disease was assumed and an anisotropic model was employed. GS+ software (version 2.3; Gamma Design Software, Plainwell, MI) was used for the geostatistical analyses.
Use of nit mutant inoculum for assessing disease spread. The spread of the pathogen from diseased to neighboring plants was studied in the fumigated plots using tagged inoculum (nit mutants of the pathogen). Spontaneous nit mutants of pathogenic F. oxysporum were recognized and distinguished from the wild type by plating on FMM and FMMCPA media (13) . The nit mutant colony on FMM was thin, while the wild-type colony exhibited a dense growth. On FMMCPA medium, the nit mutant colony grows normally, but the wild-type pathogen cannot grow due to the presence of chlorate. Two nit mutants, originating from pathogenic isolates of F. oxysporum f. sp. radicis-lycopersici; FORL II-D (VCG 0090II) and FORL C-544 (VCG 0091I) (20) , obtained from T. Katan at ARO, the Volcani Center, Israel, were used.
Inoculum was prepared as follows: a disk of the nit mutant grown on FMMCPA medium was incubated in 5 ml of yeast extract at 27°C for 24 h. The disk and 1 ml of the yeast extract were then transferred to 100 ml of Czapek liquid medium in 250-ml flasks in a reciprocal shaker (88 strokes per min) and incubated at 27°C for 5 days. The suspension was filtered through eight cheesecloth layers and centrifuged (Sorvall RC5C-plus super speed, rotor SLA-1500; Sorvall Instruments, Newtown, CT) for 15 min at 4°C and 7,400 × g. The pellet was suspended in water and mixed with a sandy soil to obtain a final concentration of 2 × 10 6 CFU/g of soil at 10% moisture. The infested soil was incubated for 80 days at 27°C, after which only chlamydospores were detected in the soil. At that stage, the inoculum density was 1 to 5 × 10 4 CFU/g of soil. Samples (4 g) of the nit mutant-infested soil were placed in small bags made of nylon netting. On planting day, bags with infested soil were placed near the roots at a depth of 8 cm. In each experimental plot, 6 (in 1996) or 12 (in 1997) plants were randomly chosen and marked with small colored flags. Half of the plants were inoculated with one nit mutant strain and the other half with the other strain. Differences between the two strains with respect to the parameters used were insignificant; therefore, results for the two strains were pooled.
Plants inoculated with the nit mutant were considered to be a potential source (focus) from which the pathogen could spread to neighboring plants. Pathogen spread was determined by recording diseased plants near the nit mutant-inoculated focus plants. Samples taken from the roots and lower stem parts of these diseased plants were plated on FMMCPA medium to confirm that disease has been induced by the nit mutant. The identity of the nit mutant was further verified by VCG testing (20) .
The rate at which F. oxysporum. f. sp. radicis-lycopersici spread from one plant to another was determined for each of the inoculated focus plants by means of regression analysis. The dependent variable in the analysis was the distance of the newly diseased plants from the inoculated focus plant, and the independent variable was the time (days after inoculation) of infection. The slope of the regression equation was a measure for the rate of disease spread. Frequency distribution of the slope rates was calculated to estimate the mean and variance of the rate at which the disease had spread from the inoculated plants.
The growth rate of the pathogen on detached roots under controlled conditions was assessed in artificial-inoculated experiments. Detached roots of 4-month-old tomato plants (cv. 5656; n = 75) were inoculated by putting a disk of the nit mutant on Czapek medium amended with peptone (6 g/liter) on the upper part of the root and incubated at 27°C in closed, moist plastic bags. Sections of the roots were periodically removed and plated on FMMCPA selective medium. The rate of pathogen spread was calculated. The mutant was also grown on Czapek medium amended with peptone, incubated at 27°C, and the growth rate assessed.
Roots colonization by nit mutants. Root colonization by the nit mutant was used to assess the ability of the pathogen to spread spatially from root to root in the field. The plants were grown in a sandy soil in a rainless region and were drip-irrigated; therefore, most of the roots were located within rows in the upper soil layer (mostly 10 to 15 cm in depth). This made it possible to uncover and detach most of the rooting system. Root systems of diseased plants artificially inoculated with nit mutant and roots of two to three adjacent plants were carefully unearthed. Roots were tagged and their position and location marked. Roots were then cut into 5-cm segments, and the specific location of each segment relative to the inoculated focus plant was recorded. Each segment was cut into 25 subpieces (each 2 mm long) that were plated on FMMCPA medium to verify the presence of the nit mutant. Plates were incubated for 5 days at 27°C, and colonization with the nit mutant of the pathogen was determined. The percentage of root subpieces colonized by the pathogen was calculated and served as a measure of the spatial spread of the pathogen along the roots. This procedure was repeated four times during the 1997 growing season.
Greenhouse experiments for assessing root-to-root spread. A nit mutant was used in simulation experiments in the greenhouse to verify conclusions derived from studies carried out in the field. Two tomato plants (cv. 5656) were planted 40 cm apart in plastic containers (58 × 18 × 17 cm; length, width, and height, respectively) filled with methyl bromide-fumigated soil. The plants were dripirrigated three times daily by two drips of 2 liters/h. A nit mutant of the pathogen was placed, as in the field experiments, near the roots of one of the two plants, the focus plant. Some of the containers were divided by a 2.5-cm-wide wooden barrier. There was an opening of 10 × 10 cm in the center of each barrier. The openings were sealed with a 50-µm-mesh nylon net (Sinun Products, Petach Tikva, Israel) and the space between the nets was filled with noninfested, fumigated soil. This frame was used to prevent contact between the root systems of the plants grown on either side of the barrier without preventing possible pathogen movement through the net. The contact area between the wooden barrier and the plastic container walls was sealed with R.T.V. silicone glue (Soudal N.V., Turnhout, Belgium) to avoid root penetration from the sides. The experiment was repeated twice. There were five containers without barriers and four containers with barriers in the first experiment and eight and five containers for the two treatments, respectively, in the second experiment. The plants' roots were examined for nit mutant colonization 70 days after planting in the first experiment and 140 days after planting in the second experiment.
At the end of each experiment, plants roots were unearthed and five segments were taken from each plant (one from the crown and four from different sites on the root system). Each segment was cut into five subpieces and plated on FMMCPA selective medium (a total of 25 samples per plant). Colonization incidence for each plant was calculated.
In additional experiments, nit mutants in nylon bags, identical to those used for plant inoculation in the field, were placed in soil without plants in each of 10 containers in order to identify possible pathogen movement in the absence of plants. Soil dilutions on FMMCPA of soil samples at distances of 2, 5, and 10 cm from the inoculum source were made every 21 to 25 days for 90 days. Irrigation of the containers was the same as for containers with plants. At the end of each experiment, inoculum in the nylon bags was assessed for viability. This experiment was repeated once.
RESULTS
Temporal and spatial disease progress in a natural epidemic. Progression of Fusarium crown and root rot disease in tomato plants was recorded in naturally infested plots in 1996 and
, it had reached 97 and 93% in 1996 and 1997, respectively (Fig. 1A and B) . Disease progression curves exhibited a logistic shape in both years. An attempt to linearize the curves using the ln[100/(100 -y)] transformation, which is often used to linearize monomolecular equations, was not fully satisfactory because data points were not randomly distributed around the regression lines ( Fig. 1C and D) . However, a logit transformation, ln[y/(100 -y)], which is often used to linearize logistic equations, resulted in adequate linearization of the curves (Fig. 1E and F) .
The spatial pattern of diseased plants in the field changed over time. In the early stages of the epidemic, diseased plants were randomly scattered over the entire field plot. However, at later stages, newly diseased plants were observed more frequently adjacent to the previously diseased ones, and distinct foci of disease patches were formed in the field. Foci enlarged mainly within, rather than between, rows. Eventually, most of the plants in the plot became diseased. An example of the spatial and temporal progress of the disease in two plots is illustrated in Figure 2 . Similar trends were observed in the other four plots (data not shown).
Geostatistical analyses of the spatial distribution of the disease resulted in a typical semivariogram shape over time in both years ( Fig. 3) . Spatial variability was low in the early stages of the epidemic, increased gradually afterwards, and became low again by the end of the season. The low spatial variability at the early stages of the epidemic (80 to 91 days after planting) indicates that the first diseased plants were not spatially related to the adjacent plants.
Semivariograms showing typical spatial dependency with limited random variation were obtained during the middle stages of the epidemic (99 to 119 days after planting). The range values at that time were between 1.1 and 4.4 m. At the end of the season, most of the plants were already diseased and, consequently, the semivariograms reflected an absence of spatial dependency. The semivariogram values calculated for six blocks are shown in Table 1 .
Temporal and spatial disease spread from inoculated plants. Disease spread in the field was recorded in 1996 and 1997 in plants artificially inoculated with a nit mutant of F. oxysporum f. sp. radicislycopersici. By the end of the season, the nit mutant pathogen had infected and caused disease symptoms in 98 to 100% of the inoculated plants. The pathogen had spread to both sides of the inoculated plants, along the rows (Fig. 4) , in a pattern similar to that observed in the naturally infested plots (Fig. 2) . It was detected at a distance of up to four plants (2 m) from the inoculated focus plants (Table 2 ). Geostatistical analysis was performed for four blocks that were planted in 1997. The calculations were made for two dates (119 and 169 days after planting) when disease incidence caused by the nit mutant was about 12 and 35%, respectively. The variogram function of one representative block is shown in Figure 5 . The range in all of the blocks varied between 1.0 and 4.8 m, similar to the distances calculated for the naturally infected plants (Fig. 3) .
Spread of the nit mutant from the inoculated focus plants to a distance of at least one plant (0.5 m) was observed in 75 and 81% of the cases in 1996 and 1997, respectively (Table 2 ). In 25% (1996) and 50% (1997) of the cases, the pathogen spread to a distance of 1.0 m (two plants) or more. The pathogen progressed along the rows consecutively, infecting one plant after another, indicating disease spread from root to root. Typical examples of disease spread from three foci in 1996 and four foci in 1997 are presented in Figure 6 . Following the first record of disease symptoms in the inoculated focus plant, disease progressed 50 to 150 cm within 14 to 64 days. The rate of disease spread from diseased plants was calculated for each focus and ranged from 1.0 to 3.1 (1.8 ± 0.08, mean ± standard error) cm per day (Fig. 7) . For comparison, F. oxysporum f. sp. radicis-lycopersici spread was also assessed on detached tomato roots. The rate of spread was 1.3 to 4.5 (± 0.43 -0.54) cm per day, which resembled the calculated field rates. The rate of linear mycelial growth of the pathogen on Czapek medium supplemented with 6 g of peptone, carried out in a parallel experiment at 27°C, was 0.7 to 0.9 cm per day.
Disease symptoms induced by the nit mutant in the field were similar to those induced by the wild-type pathogen. In addition, sporulation was observed on the stem of the nit mutant-inoculated plant as well as on plants infected by the wild-type pathogen. Isolates of the pathogen obtained from the inoculated focus plants, the adjacent diseased plants, and the conidia formed on the plants' crown were confirmed as the nit mutant of F. oxysporum f. sp. radicis-lycopersici. VCG tests confirmed that they were the same as the original strain.
Mode of disease spread. Colonization of F. oxysporum f. sp. radicis-lycopersici along the roots of inoculated focus and adjacent infected plants was determined four times during the 1997 growing season. Results from one representative sample are shown in Figure 8 . A high colonization rate of root segments (>80%) was observed in roots of the inoculated plant at the inoculation site and up to a distance of 25 cm away. Root colonization decreased gradually with increasing distance from the inoculation site in both directions. Only 40 to 60% of the root segments had been colonized at a distance of 50 cm from the inoculation site. A similar pattern was observed for the adjacent plants; root segments were colonized at higher percentages close to the site of inoculation on the plants' roots and the percentage of colonization decreased with distance.
Simulation studies for assessing root-to-root spread. The possible spread of hte nit mutant from roots of an inoculated focus to 
the focus plants were infected, apparently via root-to-root dissemination (Table  3) . In both experiments, plants adjacent to the focus plants were less colonized by the pathogen than were the focus plants, apparently because they became infected at a later stage, as was also observed in the field experiments (Figs. 6 and 8) . In contrast, in the containers with barriers, only one plant out of nine became infected, at a very low rate (Table 3) ; apparently, the frame in this container was not fully sealed. In containers without plants, the pathogen did not spread in the soil. It was not detected at distances of 2, 5, or 10 cm from the site of inoculation, even when samples were taken 90 days after the initiation of the experiment. The pathogen was still present at the inoculation site after 90 days (12,000 CFU/g of soil), compared with 16,000 CFU/g of soil at the beginning of the experiment. 
DISCUSSION
Although soilborne pathogens are generally considered monocyclic, the possibility that a plant infected by a soilborne pathogen would serve as a source of inoculum to adjacent plants has been suggested by several authors (2, 8, 14, 15, 21, 23, (29) (30) (31) . Recent studies have shown that zoosporic soilborne pathogens such as P. capsici and Pythium spp. are polycyclic and are able to spread and infect healthy plants in the field and in the greenhouse during the same growing season (2, 11, 12, 22, 27, 31) . In contrast, polycyclic behavior in nonzoosporic soilborne pathogens is less common (8, 14, 29, 30) . This study demonstrates that F. oxysporum f. sp. radicislycopersici spreads from an infected to neighboring plants within a single growing season via root-to-root dissemination. This conclusion is based on biological studies including the use of tagged inoculum, statistical analyses of data collected from a naturally infested field, and studies conducted in a greenhouse simulation system. Consequently, it is suggested that F. oxysporum f. sp. radicis-lycopersici is a polycyclic pathogen in nature. Moreover, progression curves of the disease induced by this pathogen followed a logistic pattern (Fig. 1) , further indicating that diseased plants became sources of infection.
Disease distribution in the field during the growing season exhibited a similar pattern in both 1996 and 1997 ( Fig. 2) . At early stages of the epidemic, a random pattern of diseased plants was observed. Later, clusters of diseased plants were formed and expanded mainly within rows. Toward the end of the epidemic, when most of the plants were already diseased, a random distribution of healthy plants was again observed (Fig. 2) . This pattern was confirmed and quantified by the geostatistic analysis that characterized the degree of spatial dependency and the range of pathogen dissemination. All semivariograms showed spatial dependency only in the middle of the season (Fig. 3) . In most cases, the range calculated by the semivariograms in the exponential stage of the epidemic was between 1.1 and 4.4 m (Table 1) , corresponding with the data observed in the biological part of the study (Table 2) . Geostatistic analyses of epidemics of P. capsici in bell pepper fields and downy mildew in cabbage (an airborne disease) reveal similar trends (22, 32) . In those studies, semivariograms at early stages of the epidemic indicated spatial independence between diseased foci and neighboring areas. As time passed and disease incidence increased, spatial dependence was observed. Spatial dependence of P. capsici was highest within rows, and the range reached 15 m. Spread of P. capsici in surface water was the primary dispersal mechanism; therefore, disease spread between rows occurred and was also spatially dependent.
Hadar et al. (13) suggested that the nit mutant can be a useful tool for ecological investigations. Indeed, this approach was useful for studying the spread of F. oxysporum f. sp. radicis-lycopersici under natural field conditions. This approach has also been used successfully by Takehara et al. (33) . The symptoms incited by the mutant, disease progression (Fig. 4) , and the pattern of the semivariograms (Fig. 5) were similar to those incited by the indigenous pathogen in this field (Figs. 2 and 3, respectively) . The nit mutant pathogen subsequently spread to adjacent plants to a distance of up to four plants (2 m) on each side of the nit mutantinoculated plant (Table 2) . Following the appearance of the first diseased plants (about 90 days after planting), disease continued to spread until the end of the season (Fig. 4) . Therefore, when the disease appears earlier, or when the season is extended (e.g., in greenhouses), the pathogen may spread to larger distances within a single growing season. The pattern of root colonization by the nit mutant pathogen showed a decreasing gradient from the site of inoculation to either sides (Fig. 7) . This pattern, and the consecutive spread of the disease from one plant to the next, further suggest that F. oxysporum f. sp. radicis-lycopersici spreads from root to root. This spread of soilborne pathogens from plant to plant has been demonstrated with the soilborne bacteria Pseudomonas solanacarum in tomato, tobacco, and banana plants (21) and Phytomonas solanacearum in tomato (35) and by soilborne fungi Verticillium albo-atrum in potato (15, 23) , Pythium spp. in cucumber (31) , P. capsici in bell pepper (22, 27) , Sclerotinia sclerotiorum in sunflower (14) , Sclerotium cepivorum in onion (29) , Sclerotium rolfsii in carrot (30) , and Rhizoctonia solani in potato (8) . Two mechanisms may be involved in pathogen spread from one plant to another: mycelial growth in the soil toward the root and growth of the pathogen and its spread from root to root. In the absence of roots, F. oxysporum f. sp. radicis-lycopersici movement in the soil was less than 2 cm after 90 days, as was also found for F. oxysporum in oil palm (24) . In our study, even after 150 days, the pathogen did not cross the 2.5-cm soil layer in the barrier (Table  3) , further indicating negligible self-movement of the pathogen or its growth in the soil. It is concluded that roots are essential for the pathogen's movement in the soil. The roots can be regarded as tubes filled with a highly selective and rich habitat where the colonizing pathogen is protected from the activity of antagonistic microorganisms. Therefore, roots are an ideal medium for pathogen growth and an efficient route for its dispersal. Indeed, the rate of pathogen spread via plant roots is equal to, or faster than, its movement in detached roots or culture medium. The intermingling roots appear to facilitate this process. This may explain the rapid progress of the pathogen in the field, which ranged from 1.0 to 3.1 cm per day (Fig. 6) .
Another potential means of pathogen dispersal in space (which was not studied) is via airborne conidia formed on the stems. Conidia on stems are produced by F. oxysporum f. sp. radicis-lycopersici (17) , F. oxysporum f. sp. basilici (10), F. oxysporum f. sp. lycopersici (19) , and other pathogenic forms of F. oxysporum (19) . If such conidia are capable of infecting plants and causing a disease in the same growing season, the dissemination capacity of the pathogens would be further enhanced.
The polycyclic nature of F. oxysporum f. sp. radicis-lycopersici has potential implications for the management of the disease it induces. Each infected plant has the capacity to cause disease in at least four plants to either side of it. Thus, even an initial low disease intensity may result, in due time, in a severe epidemic. Indeed, in the Arava region in Israel, by the end of the season, disease incidence of crown and root rot in tomato plants is commonly high, even in methyl bromide-fumigated soil. Rouging of the diseased plants to prevent dissemination to neighboring plants is a potential solution. However, rouging of diseased potato and tomato plants increased the incidence of V. albo-atrum (23, 28) , apparently due to the release of propagules as well as nutrients from the crushed roots. Hence, this practice needs to be further studied. The features of this pathogen and of others that produce aerial conidia call for the development of a holistic, integrated approach to disease management, an approach that will provide protection for the plants before, during, and after planting.
